The first population recapture study of indigenous coypus Myocastor coypus is reported in protected areas of Argentine pampas within a region where the species is hunted for food and fur. Quarterly live trapping at two sites captured a high proportion of all coypus present (96% of juveniles; 85% of adults, independently of season, site and sex). Survival (from mortality or emigration) was constant across sites and seasons, and higher for juvenile males than females (88% and 71%, respectively) and lower for adult males than females (45% and 81%). Most turn-over in numbers was replaced by births, and immigrating males tended to be the largest individuals present. Sex ratios were male-biased amongst juveniles and female-biased amongst adults. Taken together, these results are consistent with local resource competition in habitat rendered low in quality by crowding inside the locally protected areas. The indigenous coypu population matured more slowly, and to a smaller maximum body size, than coypus studied in introduced populations in North America and particularly in northern Europe. Cold European winters may have contributed to the evolution of precocious sexual maturity and larger body sizes in European compared with indigenous populations.
INTRODUCTION
Many of the world's most troublesome mammalian pests are far from being pests in their region of origin, where their numbers may be in decline or they may be integral to the food chains of native species (e.g. European rabbit Oryctolagus cuniculus in the Iberian peninsular: Moreno & Villafuerte, 1995;  muskrat Ondatra zibethicus in North America: Hall, 1981 ; see also Shigesada & Kawasaki, 1997; Williamson, 1997) . The coypu Myocastor coypus Molina, a large caviomorph rodent indigenous to aquatic habitats in southern South America, is one of the most successful of such invaders. Since the 1920s, wild populations have become established in many parts of Europe, Asia and North America, as a result of escapes and releases from fur farms (Carter & Leonard, 2002) . Coypus are considered a serious economic pest in several of these regions of introduction, principally because they eat a variety of agricultural crop and pasture plants, and because their burrows damage drainage systems (Gosling & Baker, 1991; Reggiani, Boitani, D'Antoni et al., 1993; Micol, Doncaster & Jouventin, 1996; Carter & Leonard, 2002) . The successful eradication of an isolated U.K. population (Gosling & Baker, 1989a) has not been replicated elsewhere in Europe, where distributions are contiguous across regional and international boundaries. Amongst the indigenous coypus of South America, in contrast, populations in several areas of Argentina are severely suppressed by hunting. The coypu is commercially the most important wildlife mammal species in Argentina's furbearer market (Bárbaro, 1994 ), yet there is no effective control over coypu hunting permits, and there exists a substantial illegal market at a national level (Bertonatti & Corcuera, 2000) . These pressures on indigenous coypus are exacerbated by degradation of its pampas habitat caused by intensified agricultural production and urbanization (Cafiero, Massei & Mutchinkick, 2001) .
Most of our understanding of the population dynamics of coypus has come from efforts to reduce the sizes of introduced populations (Poland: Ryszkowski, 1966 ; U.S.A. Netherlands: Kik, 1980 ; U.K.: Gosling & Baker, 1987; France: Doncaster & Micol, 1989; Italy: Reggiani, Boitani & De Stefano, 1995; Germany: Meyer, 2001) . Only three studies have described aspects of population structure in their South American regions of origin (Crespo, 1981; Colantoni, 1993; Gorostiague & Regidor, 1993) , all using data from hunting returns. No study to date has monitored seasonal changes in the composition of indigenous populations using recapture data. Such baseline information is needed, however, given the economic value of indigenous coypus and the growing concern about impacts on them from unregulated hunting.
In this study, the seasonal population structure of coypus in Argentinean pampas, where they are a natural resource of economic value, is described and compared with previous studies of coypus in regions of introduction where they are invasive species. The use of live captures permitted non-destructive analysis of population structure over four seasons. In particular, seasonal effects on survival by age and sex were tested at replicate sites. These parameters, with rates of growth in body size, sex ratio and age of sexual maturity, were compared to published data from Europe and North America.
STUDY AREA
The work was undertaken at two study sites of agricultural pampas in the Province of Buenos Aires, east-central Argentina (Fig. 1) . The original habitat of grassland steppe has been widely modified by arable and livestock farming and urbanization (Cabrera, 1971) . The 'Ruiz' site (34
• 12 S, 59
• 16 W) comprised a 1.5-km length of stream (2-15 m wide) that crossed three fields of cattle pasture. The 'Jáuregui' site (34
• 35 S, 59
• 11 W) comprised a 4.3-ha pond in a large field of cattle pasture and forestation. The pond had been constructed for recreational purposes in 1960 by modifying a natural watercourse, but was rarely used for this purpose during the study. The water was covered by an even distribution of Lemna spp., and its dominant surrounding vegetation was grasses and planted trees.
The sites have a temperate climate, with mean temperatures of 9.1
• C in winter and 23.8
• C in summer, and mean annual rainfall of 944 mm (Goldberg et al., 1995) . During the study period of October 1999 to September 2000, total precipitation was considerably less in spring and summer at 355 mm, and considerably more in autumn at 544 mm, than the average for these seasons over the preceding 10 years (1989-99 mean ± SE: 674 ± 41 mm and 258 ± 46 mm, respectively). The study period thus coincided with a summer drought and autumn flood.
MATERIALS AND METHODS
Live trapping was designed to capture most coypus present at both sites in quarterly sessions lasting 7-11 days. All burrow clusters at the sites were identified and trapped during sessions in spring 1999 (OctoberNovember), summer 2000 (January-February), autumn 2000 (April-May), and winter 2000 (July-August, with exceptionally a shorter session of 4 days at Jáuregui). Cage traps (80 × 25 × 25 cm) were placed by burrow openings, paths or foraging areas across the whole site, with 58-65 used during each session at Ruiz and 36-47 at Jáuregui. Traps were baited with apple before sunset, and checked and closed before sunrise. A trapping session ended when recaptures exceeded 80% of total captures over 2 consecutive days. Observations between sessions indicated that almost all residents at the sites were marked under this regime.
Captured animals were marked and released at their trapping location. Coypus were immobilized for c. 30 min by intramuscular injection of ketamine hydrochloride (4 mg · kg −1 ) combined with xylazine hydrochloride (0.5 mg · kg −1 ) (Bó et al., 1994) . New captures were marked for individual identification by 2 methods. Ear tags of different colours and shapes were complemented by a black hair dye applied to the dense under-fur on a 4 × 3-cm area of the head or back, after clipping guard hairs. Weight and reproductive condition were recorded for all individuals. Sexual maturity was indicated in males by a completely eversible penis, and in females by a perforate vulva (Gosling, Watt & Baker, 1981) . Coypus were classified as juveniles (sexually immature) or adults (sexually mature). Individuals first captured with a body weight < 1.5 kg were most likely to be offspring born on site between trapping sessions, based on Brown (1975: juveniles weighed < 1.25 kg) and our recapture data (juveniles of 0.2-1.5 kg at first capture weighed 1.1-2.5 kg when recaptured, whilst no new coypus of 1.5-2 kg were trapped). Other first captures were assumed to be immigrants.
A total of 86 individuals was identified at Ruiz, and 55 at Jáuregui. Data on 18 of the Jáuregui individuals were also available from a preliminary trapping session in winter 1999. Program MARK (White & Burnham, 1999 ) was used to estimate survival (φ = 1-mortality-emigration) and recapture probability ( p) from the live recaptures. The program fitted sets of Cormack-Jolly-Seber models, with 1 set dependent on season and the group of 2 sites, 1 set on season and the group of 2 sexes, and a third set on season and the group of 4 site-by-sex interactions. The most saturated of each set of 16 models was: φ(season*group) p(season*group). The 3 sets together therefore included all combinations of interacting effects of season, site and sex on survival and recapture probabilities. The program was also used to estimate transition probabilities of juveniles to adults (ψ-JtoA) by fitting 2-strata models. The transition probability of adults to juveniles (ψ-AtoJ) was fixed at 0, and the most saturated of each set of 1024 models was:
The 3 sets together therefore included all combinations of interacting effects of season, site and sex on survival and recapture of juveniles and of adults, and of transitions of juveniles to adults. Akaike's information criterion (AIC) was used to evaluate model fit. The most parsimonious model had the smallest AIC and fewest number of parameters; 2 models were considered equivalent if the difference in AIC between them was < 2 (Anderson, Burnham & White, 1994) . The total of only 303 captures of 137 individuals used for these models gives them relatively low power to distinguish interactions of season by site by sex. An absence of significant interactions therefore can reflect inefficiency in the model fitting procedure. However, some interaction effects were found to fit the data well (see Results), with the result that the most parsimonious models could be chosen from amongst considerably more saturated alternatives.
On the basis of a high and constant recapture probability predicted by the models, further analyses of population size by season, site and sex were made from estimates of minimum number alive (MNA). The MNA was calculated from the numbers trapped in a session plus any that avoided capture but were either trapped or seen both during and after the session. Density at each site was estimated from the area covered by the water surface plus the surrounding 15 m of land (Ruiz 5.7 ha, Jáuregui 5.6 ha). This criterion was based on the restricted use of space by coypus, which were never observed > 10 m from the water's edge (Guichón, 2003) .
Sex ratios were analysed with logistic regression on categorical factors of age, site and season, and their interactions. A G-statistic tested the overall null hypothesis that the binary response variable is independent of all predictors, and the odds ratio gave the odds of being a male in the test category (Minitab Release 13.1, 2000) .
Growth in the body size of males was predicted from a model previously applied to coypus in North America (Dixon et al., 1979) and France (Doncaster & Micol, 1989) . The model by Dixon et al. (1979) , validated by Willner, Dixon & Chapman (1983) , estimates body weight, W (kg), over time, t (days):
where W birth is the birth weight, W max the asymptotic weight, and b a rate constant (day −1 ). Differentiating equation (1) with respect to time and dividing both sides by W yields a model for the fractional rate of weight gain (kg · kg −1 · day −1 ):
Equation (2) predicts a linear regression of fractional weight gain against the inverse of body weight, with slope of b · W max and intercept at − b. Estimates of W max and b were thus obtained for individuals captured in multiple trapping sessions, from the regression of fractional weight gain between sessions against weight at first capture. The few instances of weight loss were treated as zero weight gain in this regression.
RESULTS
The most parsimonious Cormack-Jolly-Seber model of the one-strata sets was φ(.) p(.), which had the lowest AIC in all sets as well as the least number of parameters (Table 1) . Its estimates ± SE of survival, φ = 0.734 ± 0.031, and recapture probability, p = 0.882 ± 0.034, therefore applied across season and site by sex groupings. The most parsimonious model selected from the two-strata sets:
had an AIC within 2 of the model with the lowest AIC, and three fewer parameters (Table 1) . Table 2 shows its predictions for constantly higher survival of juvenile males than females and of adult females than males; constantly high recapture probabilities of juveniles and adults, and juveniles most likely to reach sexual maturity in summer (particularly males) and winter (particularly females). Coypus captured only once represented 26% of all individuals at Ruiz, and 17% at Jáuregui, not counting deaths or newborn and immigrant coypus in the last session. Most individuals captured during the first two trapping sessions remained at the same site through ≥ 7 months (58% at Ruiz, 60% at Jáuregui). Six females captured in the preliminary trapping session stayed ≥ 14 months at Jáuregui. The MNA per session averaged 46 ± 1.8 (mean ± SE) individuals at Ruiz and 35 ± 3.9 at Jáuregui (n = 4 sessions). Abundances were similar year round, although highest in summer when newborn coypus peaked at both sites (Table 3) . It is these summer births that most contributed to the winter peak in transition of juveniles to adults, shown in Table 2 , although no season was without at least some newborn coypus (Table 3) . Coypus presumed to be immigrants represented only 14% and 5% of all coypus captured at Ruiz and Jáuregui, respectively Table 3 ( Table 3) . Of these, all the males were sexually mature and amongst the heaviest individuals present (body weights of 3.7-6.2 kg), mostly arriving after the flood that began at the end of the autumn trapping session. Immigrating females weighed 1.9-4.4 kg and arrived in all seasons, but only at Ruiz. Table 4 shows sex ratios tending towards a male bias in juveniles, particularly in winter (although numbers were also lowest then), and a female bias in adults, particularly at Jáuregui. Accordingly, logistic regression on the relative frequency of males (G 12 = 30.16, P = 0.003) indicated a significant effect of age (juveniles: Z = 2.78, P = 0.005, odds ratio = 4.91) and of site by age (Ruiz*juveniles: Z = − 2.23, P = 0.03, odds ratio = 0.31), but not of interactions with season. Of the 68 individuals either dying or emigrating, 16% were newborn, 21% juvenile and 63% adult, with no differences by sex or site (Table 5) . Logistic regression on the sex ratio of lost individuals also indicated no significant effect of age or site (G 3 = 5.16, P = 0.16).
The least-squares regression of fractional weight gain against inverse body weight (F 1,74 = 1310.2, P < 0.0001, shown in Fig. 2 after back-transformation to body weight) yielded estimates ± SE of W max = 5.2 ± 0.14 kg and b = 0.0023 ± 0.0003 day −1 from equation (2). Inputting these estimates and their confidence limits into equation (1) gave the growth curve shown in Fig. 3 for an assumed W birth = 0.2 kg (after Gosling & Baker, 1991) . The predicted body weight of males at t = 1 year was thus 3.1 kg (95% CL at 2.89 and 3.31 kg). This predictive relationship of weight to age for the indigenous Argentine (Dixon et al., 1979) and France (Doncaster & Micol, 1989) using the same method, and to the U.K. (Gosling & Baker, 1991) using eye-lens weight.
populations indicates significantly slower growth from the first few months of life towards a significantly lower asymptotic weight, compared to introduced populations in the U.S.A., U.K. and France (Fig. 3) .
The growth curve for this study (Fig. 3 ) was used to estimate the age structure of the populations at Ruiz and Jáuregui. Figure 4 shows that neither site had many individuals aged > 3 years (Ruiz < 11%, Jáuregui < 15%), suggesting youthful populations given that the physiological lifespan of captive coypus extends to 6 years (Gosling & Baker, 1982) . Numbers present per site differed by age (F 4,20 = 58.41, P < 0.001) but not by season (F 3,20 = 0.59, P = 0.63; interaction, F 12,20 = 1.70, P = 0.14). Figure 5 shows that all the coypus reached sexual maturity at a body weight < 3 kg (males, 2.4-2.9 kg; females, 1.7-2.8 kg), i.e. within their first year of life. 
DISCUSSION
Our observation that new-born coypus appear throughout the year have also been reported for introduced populations (Gosling, 1974; Brown, 1975; Willner, Chapman et al., 1979; Kik, 1980; Doncaster & Micol, 1990; Reggiani, Boitani, D'Antoni et al., 1993) . Most turnover in numbers was replaced by births, and survival of juveniles was generally high between seasons. Although we cannot make comparisons between years, our data suggest a relatively stable environment across seasons. This contrasts with the seasonal pattern reported in Europe where increased density in spring and summer and decreasing numbers in autumn and winter have been attributed to raised mortalities of juveniles and adults over severe winters (Litjens, 1980; Gosling, Watt et al., 1981; Doncaster & Micol, 1990; Reggiani, Boitani & Stefano, 1995) .
Both survival and abundance showed a male bias in juveniles and a female bias in adults, which is commensurate with populations of introduced coypus in Europe (Gosling & Baker, 1989b; Doncaster & Micol, 1990) . The adult female bias is an expected consequence of mortality associated with dispersal which is malebiased in the polygynous mating system of coypus (Gosling & Baker, 1989b; Gosling & Wright, 1994; Guichón et al., 2003) . Since males tend to have a higher variation in reproductive success than females, parental investment theory suggests that mothers in above average condition should invest more heavily in producing male offspring (Trivers & Willard, 1973) . In agreement with this theory, young mothers of U.K. coypus have been shown to abort female-biased litters when in good physiological condition, suggesting evidence of maternal control over offspring sex ratio (Gosling & Petrie, 1981; Gosling, 1986) . The observed tendency for a male bias in juvenile numbers and survival for our populations may then reflect good conditions for breeding at the time of the study. However, biased natal sex ratios can also arise from local resource competition (Lambin, Aars & Piertney, 2001) , with low quality habitats predicted to produce litters biased towards the dispersing sex: males. In our study areas, the implication would be that reproductive success is higher on average for dispersing males than for philopatric females. The observed switch to a female bias in adult abundance and survival would also be consistent with a net outflux of males, although it could equally arise from dispersal carrying a general mortality risk. As with most mark-recapture studies, we were unable to differentiate successful emigration from mortality, and so cannot definitively distinguish these competing explanations. However, the high retention rates of individuals throughout the study, the replacement of losses with local births, and hunters raising mortality across the surrounding region, all suggest that our study areas may be acting as a source to surrounding population sinks. This is further supported by the result that immigration was mainly related to the extraordinary event of autumn flooding.
The morphological and life-history data on introduced coypus correspond to the same subspecies present in the pampas region of our study site: M. c. bonariensis (Gosling & Skinner, 1984) . In this study, as reported by Gosling & Baker (1991) in England and Willner, Chapman et al. (1979) in the U.S.A., male coypus tended to achieve sexual maturity at higher body weights (and greater age) than females (Table 6 ). This difference may reflect the competitive advantage conferred by body weight in male-male competition for access to females, which typically results in males of polygynous species beginning reproduction at a later age than females (Clutton-Brock, Albon & Guinness, 1988; Le Boeuf & Reiter, 1988) . However, relative to introduced populations, the indigenous population showed a markedly slower growth in body mass to a delayed sexual maturity (at similar body mass, Table 6 ) and smaller asymptotic mass. Purvis (2001) has predicted that sustainable harvesting of populations should exert a strong selection force for a Obtained from the growth curve estimated by Dixon et al. (1979) in the same study site.
earlier maturity and smaller adult size. He estimated that a 10% increase in mortality from harvesting would cause a 20% decrease in adult weight and c. 10% drop in age at maturity. Although the indigenous coypus in our study areas were not hunted, the regional population has suffered hunting pressure probably over evolutionary timescales. In contrast, the introduced populations in Europe have been subjected only to sporadic control (in France: Micol et al., 1996;  and in England until their systematic extermination: Gosling & Baker, 1989a) , and so may have experienced a release from selection pressures resulting from hunting. Despite the 20-30% larger size of European adults, their faster growth to maturity is consistent with relatively lower survival probabilities (e.g. Gosling, Watt et al., 1981; Doncaster & Micol, 1989; Reggiani, Boitani & Stefano, 1995) . These introduced populations are recorded as suffering substantial mortalities during cold winters, when consecutive days of frost kill high proportions of both adults and juveniles (Gosling, Baker & Skinner, 1983; Doncaster & Micol, 1990) . Winters in the Argentine study areas, in contrast, are never severe enough to increase mortality through direct effects of low temperature or food scarcity. It is therefore possible that the more rapid maturity to larger size of European compared to indigenous coypus is an evolved response to lower winter temperatures. Cold weather places a premium on large body size, because a larger body reduces the ratio of exposed skin to thermoregulating volume, and can support more substantial fat reserves. The catastrophic declines in population size following severe European winters are likely to selectively advantage a young age of sexual maturity in a population during its recovery phase at intrinsic rates of growth. Indeed, Gosling & Baker (1991) note that sexual maturity is attained earliest for coypus born in late winter, and latest for those born in autumn. Further studies would help to understand the processes determining the population structure of native coypus reported in this study and its similarities and differences when compared to introduced populations.
